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Localized interlayer excitons (LIXs) in two-dimensional moiré superlattices
exhibit sharp and dense emission peaks, making them promising as highly
tunable single-photon sources. However, the fundamental nature of these LIXs
is still elusive. Here, we show the donor-acceptor pair (DAP) mechanism as one
of the origins of these excitonic peaks. Numerical simulation results of the DAP
model agree with the experimental photoluminescence spectra of LIX in the
moiré MoSe,/WSe, heterobilayer. In particular, we find that the emission
energy-lifetime correlation and the nonmonotonic power dependence of the
lifetime agree well with the DAP IX model. Our results provide insight into the
physical mechanism of LIX formation in moiré heterostructures and pave new
directions for engineering interlayer exciton properties in moiré superlattices.

The 2D transition metal dichalcogenide (TMD) bilayer is a promising
platform for the study of strongly correlated electronic
phenomena” and quantum optoelectronics applications. The
moiré superlattice, which arises from the difference in lattice con-
stant or a particular range of twist angle®'°, can increase the effect
of electron-electron interactions™". It also affects composite qua-
siparticles such as excitons (i.e., electron-hole pairs)**°, including
interlayer excitons (IXs), where the electron and hole reside in
different layers. The superlattice potential landscape confines IX
in real space, resulting in a localized IX (LIX) with brightness that
can be enhanced by placing the heterostructure on nanopillars?.
Due to the localization effect and electron-exciton interaction, LIX
is an excellent sensor for detecting strong electron-electron
interactions?® . Moreover, considering its large binding energy
and nonzero out-of-plane electrical dipole?*?, LIX could be used for

electrically tunable quantum emitter arrays® operating at elevated
temperatures.

One of the puzzling aspects of LIX emission in TMD moiré hetero-
bilayers is the sharp and dense peaks observed in its photoluminescence
(PL) spectrum®??53!, While magneto-optical spectroscopy measure-
ments have shown that these peaks are related to band-edge excitonic
states?**?, the number of these states predicted from theoretical cal-
culations is only 10 states'® or up to 20 states if the triplet IX
state brightening™ is considered. This number is much smaller than the
number of observed peaks (more than 50), indicating other possible
mechanisms™. It is urgent to uncover this mechanism as it is the key
component for correlated phase manipulation and single photon emit-
ter engineering.

Here, by analyzing the spectra and lifetimes of LIXs, we show that
most of the LIX peaks in molybdenum diselenide (MoSe,)/tungsten
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diselenide (WSe,) heterobilayer on nanopillars come from donor-
acceptor pair (DAP) exciton recombination. The DAP exciton*’ is a
bound pair of an electron trapped in the donor site and a hole trapped
in the acceptor site with a narrow linewidth PL emission due to its
localization (see Fig. 1a). Its emission energy depends on the donor-
acceptor distance™, resulting in multiple sharp PL peaks. The inter-
layer DAP exciton (DAP IX) emission can account for more than 75% of
the experimentally observed peak positions.

Similar to the emission of localized defect exciton in TMD
monolayer®®*, the IX potential landscape created by the nanopillar-
induced strain increases the coupling between the band-edge IX and
localized DAP IX, enhancing the DAP IX emission (see Fig. 1b). By
considering this coupling and the DAP exciton energy-lifetime rela-
tionship (i.e., lower energy DAP exciton has a longer lifetime*°), we
construct a DAP IX dynamic model, which fits well with the experi-
mentally observed LIX energy-lifetime correlation. Additionally, we
have experimentally observed a unique nonmonotonic power depen-
dence of the energy-resolved lifetime, which agrees well with the DAP
IX dynamic model. The agreement between the experimental and
theoretical results is strong evidence that the DAP IX is the primary
origin of multiple sharp PL peaks in moiré heterobilayers. Our results
reveal a novel physical mechanism behind LIX emission and open a
new strategy for LIX emission modulation.

Results

Device structure and PL intensity map

The sample structure used for the experiment is shown in Fig. 1c, and
the optical microscope image of the sample is shown in Fig. 1d (see
Supplementary Information Fig. Sla, b for the scanning electron
microscope (SEM) image and see Methods for more details on the
fabrication procedure). It consists of an hBN-encapsulated MoSe,/
WSe, heterostructure on a nanopillar array. Based on the second
harmonic generation (SHG, Fig. 1e), the twist angle between the layers
is close to 60 +1°, i.e., an AB-stacking configuration*. This assignment
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Fig. 1| Device structure and LIX emission. a Illustration of DAP IX. Localized DAP
IX has a sharper emission than unlocalized IX. b Enhancement of DAP IX emission
by nanopillar. The strain-induced IX PL potential landscape enhances the coupling
between band-edge IX and DAP IX, brightening the DAP IX emission. ¢ Sample

structure. The sample consists of an hBN-encapsulated MoSe,/WSe, on nanopillars.

i strong

of stacking configuration is also consistent with the g-factor mea-
surement of the IX PL emission, showing a g-factor close to 16,
expected for IX in AB stacked MoSe,/WSe,***? (see Supplementary
Information Fig. S2). As shown in Fig. 1f, the IX PL intensity map shows
a significantly larger intensity for excitation at the nanopillar location
than in the flat region, indicating that the LIX emission dominates the
IX PL emission.

PL spectrum of donor-acceptor pair IX

We next measured PL spectrum from the nanopillar locations. As
shown in Fig. 2a-c, the LIX PL emission consists of sharp and dense
peaks, with the linewidth in the order of 100 peV (see Supplementary
Information Fig. S3 for PL peaks Lorentzian fitting), in contrast with the
broad PL spectrum of the WSe, and MoSe; intralayer exciton on a flat
monolayer (Supplementary Information Fig. S4). The LIX peaks have
energy close to the band-edge IX central energies (around 1.4 eV for
unstrained AB-stacked MoSe,/WSe,*>*). PL spectra from other nano-
pillar locations also show the same behaviour (see Supplementary
Information Fig. S5). We then extract the peak position and compare
them with the peak position predicted by the DAP model, which can be
approximated as™*

ERp)=Eq+ % M

where E, is the minimum DAP IX energy, R, is the m™ distance
between the donor and acceptor (with integer m being the shell
number), and a= f—;g where e is the electron charge and ¢ is the
effective permittivity. The possible R, values are determined by the
lattice constant and interlayer distance (see Fig. 2d for an illustration of
Ry and R,). The predicted DAP IX peak positions are shown as red lines
in Fig. 2a-c and plotted together with the experimentally obtained
peak positions in Fig. 2e-g. More than 75% of the observed peaks
match the predicted DAP IX peaks (Fig. 2h), indicating a good
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d Optical microscopy image of the heterostructures fabricated by the all-dry
transfer stacking method. e Angle-dependent SHG intensity. The SHG shows that
the twist angle is ~ 60 +1°. f IX integrated PL intensity map at 4.2 K under 765 nm
(1.62 eV) laser excitation with an 850 long pass filter on the collection arm. Sig-
nificant IX PL enhancement is observed at nanopillars, indicating LIX emission.
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Fig. 2 | DAP IX PL spectra. a-c IX PL spectra. Solid black lines are the measured
spectra. Red dash lines are the predicted DAP IX peaks, with the labels indicating
the shell numbers. d Illustration of DAP IX in the van der Waals heterobilayer. R; and
R, are the first two smallest distances between the donor-acceptor pair.

e-g Calculated DAP IX peak positions (lines) vs. experimentally obtained peak
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positions (symbols). The red (blue) symbols are the peak positions that (do not)
match the DAP IX peak positions. h DAP model goodness of fit. The coincidence,
defined as the number of experimentally observed peaks matching the DAP IX
peaks divided by the total number of experimentally observed peaks, represents
the goodness of fit.

agreement between the DAP model and experimental results (see
Supplementary Information Section 1 for more details on the PL peak
analysis). More discussion on the donor-acceptor pair nature,
including transmission electron microscopy (TEM) characterization,
is presented in Supplementary Information Section 5.

We note that the PL signals from areas other than nanopillars,
including the wrinkle and the flat areas, also consist of dense and narrow
peaks, albeit with weaker PL intensity (see Supplementary Information
Fig. S6). This result shows that the primary role of nanopillar-induced
strain is to enhance PL emission (as in Fig. 1b) and not to create new
emitters. More discussion on the role of nanopillar-induced strain is
presented in Supplementary Information Sections 6 and 7.

From Fig. 2e-g, we found that the maximum donor-acceptor
distance is -8 nm, which agrees with the DAP IX model. In particular,
due to the deep moiré superlattice potential in slightly twisted
MoSe,/WSe,*, it is unlikely that the donor and acceptor are located
at two different moiré sites. Hence, the maximum donor-acceptor
distance must be less than the moiré period. In our case of 60 +1°
twisted MoSe,/WSe,, the moiré period is 20 nm", which is sig-
nificantly larger than the maximum-donor acceptor distance, indi-
cating the adequacy of the DAP IX model. This dependence on the
moiré superlattice size also agrees with the PL spectra from the
samples with different twist angles (see Supplementary Information
Section 4). Moreover, this dependence also shows that most sharp
peaks cannot be attributed to defect-bound exciton (i.e., exciton

Lifetime-energy correlation of DAP IX

Further evidence for the DAP model is obtained from energy- and time-
resolved PL measurements of the LIXs. The IX PL spectrum time trace
under pulsed 726-nm diode laser excitation shows no jittering beha-
viour (Fig. 3a), allowing a reliable time-resolved PL measurement of an
emission peak. A homemade spectrometer (Fig. 3b) was used to filter
the emission of a chosen peak for the time-resolved PL measurement
(see Supplementary Information Fig. S7 for filtered PL emission spec-
tra). Typical time-resolved PL of different emission peaks are shown in
Fig. 3c. The experimental data fit well with the double exponential
decay function, indicating that at least two different states are
involved. We attribute these two states to DAP IX and band-edge IX
states.

The extracted decay rate constants are plotted in Fig. 3d. Instead
of a monotonous change, fast (k;) and slow (k;) decay rates reach
maximum values at particular energy values. This behaviour cannot be
explained using the usual spatially-localized exciton framework (e.g.,
defect-bound exciton), where a higher energy exciton is expected to
decay faster due to the larger number of decay channels**. Instead,
this observation can be explained by considering the dynamics of DAP
IX and its coupling to the band-edge IX (see inset in Fig. 3d), where DAP
IX decays faster than band-edge IX. For the case where k;>>k,, the
decay rates can be approximated as

A o 2a

bound to. a single defect)},}whose PL spectra should not show moiré Ky =kppp =Ky + ko €XP <7 o ) @)
superlattice dependence™. B( 0)
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Fig. 3 | Lifetime-energy correlation of LIX emission. a IX PL spectrum time trace.
b Experimental setup. A high transmittance grating was used to spatially separate
emissions from different peaks. DM Dichroic mirror, LP Long pass filter, SF Single
mode fibre, SPD superconducting single-photon detector. ¢ Energy- and time-
resolved PL of LIX emission. Data (shown as symbols) was obtained with excitation
location at dot 2 (as in Fig. 1c) under a 6 nW excitation. The lines are double

exponential decay fitting results. d Decay rates vs emission energy for dot 2. The
lines are the fitting results using the DAP IX dynamic model. The dashed lines mark
the central energies of band-edge IXs used for the fitting. Inset: DAP-band edge IX
coupling model. The downward straight arrows represent decay rates, while the
curved arrows represent coupling rates. e, f Like c and d but for dot 3 under a 2 nW
excitation.

kszlX+D' (3)

where kpyp is the DAP IX total decay rate, k., is the DAP IX non-
radiative decay rate, k. is the DAP IX maximum radiative decay rate,
Ry is the donor (acceptor) Bohr radius (whichever is largest), kjy is
the band-edge IX decay rate, D is the coupling rate between the
band-edge and DAP IX, and other parameters are the same as in Eq.
(1). Considering the coupling between the DAP and band-edge IX,
the values of Ry and D depend on the energy difference between
these two IX states. The coupling rate between the DAP and band-
edge IX is maximum when their energy is the same. Due to this
coupling, the DAP IX state is a combination of the uncoupled DAP IX
and band-edge IX states. Since the band-edge carrier has a larger
Bohr radius than the donor (acceptor) one, the coupling also
increases the value of DAP IX’s Rg. Hence, both Ry and D reach
maximum values for the peak energy equal to the band-edge IX
central energy, which results in the maximum values for both fast
and slow decay rates according to Egs. (2) and (3). As shown in
Fig. 3d, there is an excellent agreement between this model and the
data, further confirming the DAP IX mechanism (see Supplementary
Information Section 2 for more details on the calculation of DAP IX
energy-lifetime correlation). Two band-edge IX peaks were detected
(labelled as Eix; and Eyx,), with ~7 meV peak separation. This peak
separation value agrees with the IX trion binding energy in MoSe,/
WSe,**, indicating that these two peaks are neutral and charged
band-edge IX peaks. Similar behaviour is also observed for other
dots (see Fig. 3e, f for the results for dot 3) and for the PL emission
from the flat area (Supplementary Information Fig. S8).

Excitation power dependence of DAP IX

The dependence of the decay rate on the coupling between the DAP IX
and band-edge IX suggests that the power dependence of the decay
rates should also show a nonmonotonous trend. In general, IX decay
rates increase with increasing power due to the increase in the non-
radiative decay rate*s, However, an increase in power also causes a
power-induced blue shift in IX energy due to dipole-dipole
repulsion*”*°, which can have different magnitudes for localized DAP
IX and band-edge IX*. As illustrated in Fig. 4a, a DAP IX peak which is
initially resonant with the band-edge IX at low power, becomes less
resonant as power increases. The increased energy gap between the
band-edge and DAP IX results in the decoupling between the two IX
states, reducing the Bohr radius. Consequently, the fast decay rate
decreases when the power is increased (see Eq. (2)). Further increasing
the power does not result in significant decoupling, and the usual
power-induced increase in decay rate is observed. Hence, in addition
to the general density-dependent increase, decay rates, especially the
fast decay rate, should exhibit nonmonotonous energy-dependent
change.

To verify this, we measured the power dependence of the energy-
and time-resolved PL for power from 2 nW to 40 nW. Power-dependent
PL spectra (Supplementary Information Fig. S9) can be fitted with
multiple Lorentzians, indicating that the emission in this power range
is still dominated by LIX emission. Individual peak positions do not
show a power-dependent blueshift, agreeable with previous reports®.
On the other hand, the overall PL strength is blueshifted at higher
power due to the band-edge IX blueshift. Similar behaviour is observed
in the power-dependent PL spectrum from the flat area (Supplemen-
tary Information Fig. S10).

Nature Communications | (2023)14:5766



Article

https://doi.org/10.1038/s41467-023-41330-6

a
Decoupling is dominant
coupling IX
IX ~—~—\DAP IX —
I I
" non
radiative radiative
b
1 E =1.3769 eV
i 1
>
‘@
c
i)
£
B 041
N
©
£
S
z .
0.01 L . v ’
0 100 200 300 400
Delay (ns)

Fig. 4 | Power dependence of the LIX lifetime. a Schematic of power-dependent
decay rate mechanism. The downward straight arrows represent decay rates with
solid (dashed) lines indicating (non)radiative decay rates, and darker colour means
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resolved photoluminescence of LIX with the same photon energy (1.3769 eV) under
different laser powers. The data (shown as symbols) are obtained with the excita-
tion location at dot 3 (as in Fig. 1c and Fig. 3e, f). The inset shows measured data for
2,10, and 20 nW at the 0-7 ns time range, exhibiting the nonmonotonous power
dependence of the fast decay rate. The lines are the results of double exponential
decay fitting. ¢ Experimental and simulated fast decay rate vs excitation power.

The measured power-dependent time-resolved PLs for the peak
with an energy of 1.3769 eV are shown in Fig. 4b, together with the
double exponential fitting. As predicted, the extracted fast (k;) decay
rate, shown in Fig. 4c, exhibits a nonmonotonous power dependence.
We simulate power-dependent decay rates following the DAP IX
dynamic model. Simulation results show similar trends to experi-
mental results, supporting the DAP IX hypothesis. The simulated
results for other peaks, including the fast and slow decay rates, are also
consistent with the experimental result (see Supplementary Informa-
tion Fig. S11 and Supplementary Information Section 3). We note that
the change in the energy difference between band-edge and localized
DAP IX is also apparent from the power-dependent lifetime-energy
correlation (see Supplementary Information Fig. S12).

Discussion

In summary, we have theoretically proposed and experimentally con-
firmed a novel DAP IX mechanism as the origin of the dense and sharp
IX emissions from MoSe,/WSe, on nanopillars, besides other
mechanisms that could take place. Our experimental results, including
energy- and time-resolved PL measurements and the lifetime’s power
dependence, provide strong evidence for the DAP IX model. Our work
renders novel insight into the nature of LIX emission in 2D hetero-
structures and highlights the interplay between the disorder (repre-
sented by the DAP IX) and superlattice potential (represented by the
band-edge IX) in the correlated moiré material. In terms of application,
the multipeak nature and the electric field tunability of the LIX emis-
sion (i.e., due to its out-of-plane dipole direction) show that it is a
versatile quantum emitter platform. When a smaller number of peaks
is needed, it is possible to reduce them using a smaller sample, as
shown in a recent study®’. Further development of our results includes
the demonstration of an atomic position-controlled method to gen-
erate and manipulate interlayer exciton emission on-demand, which is

crucial for quantum information and simulators® based on 2D
semiconductors.

Methods

Sample fabrication

A standard electron beam lithography (EBL) process was carried out on
an FEI system (Helios 600 NanoLab, FEI) to fabricate the nanopillars.
Negative e-beam HSQ (6%) resist was spin-coated on a Si/SiO, sub-
strate at 4000 rpm to form a 150 nm thick resist film and baked on a
hotplate at 150 °C for 5 min. The electron high tension (EHT) of the EBL
system was set to be 30 kV with a beam current of 30 pA. The line dose
used was 1.2 pC/cm. A 1 % NaOH solution was used as the developer,
and DI water was used as the stopper. Nanopillars fabricated on a Si/
SiO, substrate have diameters ranging from 100 to 300 nm, and a
height of 130 nm (see Supplementary Information Fig. S1).

WSe, and MoSe, monolayers were mechanically exfoliated from
bulk materials (2D Semi) and transferred onto SiO, nanopillars using a
standard method. The WSe, and MoSe, monolayers were first pre-
pared and characterized on PDMS and then transferred onto the
nanopillar array using the transfer stage (Meta Inc.) with an alignment
resolution of <1um and an angle controllability of <1°. The hetero-
structures were encapsulated between two thin layers of h-BN with a
thickness of several nanometers. The whole sample was then annealed
in a high vacuum (10”7 mBar) at 200 °C for 2 h.

Photoluminescence spectroscopy

Low-temperature (4.2K) photoluminescence spectroscopy was car-
ried out in home-built spectroscopy setups loaded into a cryostat.
(AttoDry 1000). All low-temperature PL spectra were obtained using a
100 x objective (NA=0.8) with a spot size of about 500 nm in the
cryostat at 4K. PL spectra were collected with a high-resolution
spectrometer (Princeton Instrument, PyLoN CCD). The gratings used
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in the spectrometers were 300 g/mm and 1200 g/mm, both blazed at
750 nm. The excitation laser was an energy-tunable continuous-wave
laser (M squared) coupled to a single-mode fibre. For lifetime experi-
ments, a pulsed 726-nm diode laser (maximum repetition rate of
80 MHz with a full width at half maximum of <80 ps) was used to excite
the sample. The intensity map was obtained by detecting the emission
using a superconducting single-photon detector (Gifford-McMahon
cycle SSPD from SCONTEL) while scanning the sample using a pair of
high-resolution stages (ANSx150/LT). To filter the single sharp peak
from the dense and discrete emission lines, high transparency gratings
(IBSNE Photonics, FSTG-SNIR966-915) were used after the PL collec-
tion side from the sample and then sent to the spectrometer or ava-
lanche photodiodes (APDs). A time-correlated photon counting card
(Picoharp, PH300) was used to obtain the time-resolved PL data.

Data availability
The datasets that support the findings of this study are available from
the corresponding authors upon reasonable request.
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